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EFFECT OF TITANIUM, BORON AND MOLYBDENUM ON
THE STRUCTURE OF AUSTENITIC 18/10 STEEL
AFTER SOLUTION HEAT TREATMENT AND SENSITIZATION

7. Bojarski, W. Czyrski,
J., Eysymontt and H, Serwicki

Institute of Ferrous Metallurgy

1. Introduction
The manufacture of high quality;acidﬁresisting steels 1s be- 7

coming particularly important in conjunctlon with the development

of the chemical industrys The useful properties of these steels
depend on their structure, which in turn is influenced by the
chemicalecomposition, the smelting technology, théd&r plasticity

and the heat treatment. This study is a part of more extensive
studies carried out in the Institute of Ferrous M&tallurgy. It
investigates the effect of changes in the chemical composition and
in the sb=caitled sensitizing annealing parameters on the structure

of austenitie acid resisting steels.

2. Materials Studied

The following domestic industrial steel melts were used in
the studies: (OH18NO (melt 58374), IH18N1loT (melt 58731), IH18N1O-
T+B (melt 58802), IH18NI1OMT (melt 58731), IH18N1OT (melt 69240)
and imported material manufactured by Avesta Jernverks Aktienbolag,
grade X10CrNiTi189 (IH18N10T"s").

The domestic material was recelved partially in the form of
15 mm diameter rods and partially in the form of rods with a 27 mm
square crossirsection, which were subsequently reforged to a 20 mm
diameter cross sectlon. The imported steel was received in the

form of 20 mm thick sheets. On the average the dimensions of the

¥Numbers 1n fthe margin indicate pagination in the foreign text.



rolled specimens were 15 mm (diameter) x 45 mm (length). The chemi-
cal composition of the steels studied 1s given 1n Tabike 1.

A1l steels were subJected to sclution heat treatment in water
for 30 minutes at 1050°C. Subsequently the specimens were annealed
according té the following variants:

a. 500°C: 10, 50, 100 and 3000 hours

b. 650°C: 15 min, 1, 5, 10, 100 and 1000 hours

c. T750°C: 5 min, 1, 5, 10, 200 and 1000 hours and cooled in

air.

Al1]1 specimens were examined under a light microscope, whereas
for the studies using an electron microscope and for the x-ray
studies, we selected specimens which were annealed for 10, 100 and
1000 hours at each of the three temperatures given above.

3. Method Used 1in Studies

To obtain the necessary information on the structure of the
steels studied in relation to the heat treatment conditions, we used
the following research methods: '

a. Studies of the structure of cast specimens, using the Neo-
phot light microscope manufactured by the firm Zelss (GDR) whose
purpose was to identify nonmetallic inclusions and to obtain pre-
liminary information on the character of the matrix and relatively
large precipitaﬁes.:k ‘ g

b. Studies, using the JXA-3A zx-ray microanalyzer manufactured
by the firm JEOL (Japan), whose purpose was to determine the chem-
lcal composition of the nonmetallie inelusions and large preclipi-
tates by means of known methods [1].

¢. Indirect studies (using the method of replicas) and direct
studles {using the method of thin foils) of the structiure of cast
specimens and extracted precipitates using the JEM-7 electron micro-
scope manufactured by the firm JEOL (Japan). The replicas were made
using generally known methods [2], [3], and the thin foills were o



obtained by the Bollmann method [3), [4], [5], [6]. The objective
of the studies was to determine the size and shape of the precipi-
fates and to make the identification using the electron diffraction
method on the basis of the microscope constant caiteulated from a
gold sample.sputtered on a part of the replicas. In the case of
thin folls the austenite was treated as an internal standard.

d. Determination of the amount of segregatdons and x-ray
metallography studies of the phase compositlon of segregations to
determine the properties of the precipiltation process and the type
of precipitates. The precipitates were separated electrolytically
in a 10% HCl solution in ethanol at a 0.02 A/cm2 current density.
The percentage segregation content was caidculated from the segre-
gation mass and the mass decrement in the sample. The phase com-
position of the segregation was determined from x-ray photographs
made using a 11l4.6 mm circular cameraz and KaCo rays.

e. Hardness measurements using the hardness meter manufactured
by the firm Vickers (England) under a 30 kg load.

Other methods were alsc used to complete the studies, for ex-

ample detection of the phases by interference layer sputtering.

4., Results of the Studies
4,1, OH18N9 Steel
4,1.1, Original structure (after solution heat treatment)

The light microscope studies of unetched metallographic speci-
mens:showed the presence of sulfides and oxides. This was con-
firmed by the =x=ray mlcroanalyzer studies. The light microscope
‘studies of etched metallographic specimens revealed a pure .austen-
itic structure (without §-Fe) with a small amount of regularly shaped
precipitates. The electron microscope studies detected an austeni
itic structure with weakly marked grain boundaries. Few relatively
large precipitates were detected on the grain boundary. According
to the x-ray phase analysis the segregations included traces of
vanadium carbide (0.27 weight % VC). The hardness of the steel
was HV = 144,



4.1.2. Structure after annealing

Light microscope studies of annealed specimens did not reveal
any structural changes at 500°C in comparison with heat solution
treatment. Annealing at 650°C causes much more proenounced etching g;g
of grain boundaries than solution heat treatment. Especially large
precipitates were visible on the grain boundariles after a long an-
nealing time. Speclmens annealed at 750°C have precipitates along
the grain boundaries whose si%e increases with the annealing time
and precipitates in grains which are clearly visible after an an-
nealing time exceeding 100 hours.

Electron microscope studies of specimens annealed at 500°C for
10, 100 and 1000 hours did not reveal the precipitation process. ‘..
The precipitation of very small carbides (Fig. 1) along the grain
boundaries was only detected in an additional test specimen an-
nealed for 3000 hours. Several groups of minute precipitates, not
always bounded by grain boundaries were detetted in a speclimen an-
nealed at 650°C for 10 hours. Only annealing for 100 hours at the
same temperature caused clearly visible precipltation of carbildes({Fig.
2) identified on the semiextractién replicas by selective &lectron dif-
fraction as M23C6 (Fig. 3). The use of extraction replicas made it
possible to detect a very large number of carbides along the grain
boundaries (Fig. 4). 1It.was established that the preferred loca-
tion for the precipltation of M23C6 carbides are not only the grain
boundaries, but alse the zones around large inclusions or primary
precipitates (Fig. 5). M23C6 carbides were detected in & specimen
annealed at 650°C for 1000 hours both on the grain boundaries and
in the grains. Very large carbides occur along the grain boundar-
ies. These probably originated as a result of the increase in many
smaller carbides precilpitated earlier, as well as minute carbides,
which also cccur in the grains (Fig. 6). A strip-like growth of
carbides into the depth of one grain (Fig. 7) or two gralns (Fig.
8) can be seen in some spots on the grain boundaries. This kind
of carbide growth was observed also in the center of the grain and
1t begins on a large primary precipitate (Figs. 9, 10)}. The . .
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carbides represented in Fig. 10 were identified by electron dif-
fraction as M2306' Triangular shaped carbide growth zones (Fig. 11)
were observed in many grains. These were also ldentified as M23C6.
The M23C6 ¢arbides which occur along the grain boundaries in speci-
mens annealed at 750°C have larger dimensions than before. They
have i1rregular shapes with rounded corners {(Fig. 12). On the other
hand, large triangular fields, primarily grown carbides, occur in
the grains (Fig. 13). Studies of the amount of segregations (Fig.
14) did not reveal the presence of the precipitation process during
annealing at 500°C. On the other hand, annealing at 650°C and 750°C
causes a large increase 1iIn the amount of segregations with the an-

nealing time.

Table 1. Chemical Composiltion of Steels Studied

a- | wyke-D c
Sal | el ¢ |Malsi [p |s (o [N |Ti Mo |B [No |V |Ta |z

Zawartodé pierwiastkdw, %

1

hua 310051 1,48 | 0,37 | 0,020 0,010 1820 (1002 nb | 0,14 | nb | nb nb | nb nb

I IMZ ©|00s0| 1,50 | 035 [0,021 | 0010 18,15 (1025 | 0,01 | 0,15 |0,0026 <001} 0,07 <0,01] 6,001
e | T8 | O0R2| 164 062 | 0034|0016 | 1705 | 1049 | 041 | 020 | sb | mb | mb nb | ob
WT "ar loo77| 1,58 | 036 | 0022 0,010 | 1683 | 10,90 | 046 | 0,15 | 4lady | <0,01| 0,07 | <0,01] 0,002
ey [T 00701 144 | 047 0027 0014 ] 1745 | 1056 | 0.38 nb*|00038 nb | nb | nb | nb
1T+B vz 0058 | 1,46 | 040 0,023 0,015 17,10 | 10,38 | 0,40 | 0,20 0,0050, <0,01) 0,07 | <001 0,001

' [igN | BuE | 0078|149 | 036 | 0015|002 17,70 1027 056 P e e e R
] 1OMT |ry2 oges | 1,58 | 0,38 | 0,027 | 0,018 | 17,38 | 10,12 | 0,58 | 1,84 |0,0035 <0,01 0,07 | <0,01) 0,001

% LHIEN Avesta | 0,048 | 1,64 | 041 | 0,029 | 0,008 | 174 | 10,6 | 0.54 | 022 nb | nb | nb ! ab | ob

1] 10T [tz 007 | 167 | 040 |0,020]0.009 | 1785 | 10,64 | 0,52 | nb | 0,0015] <001] 008 | <001 0,003 ||

1
i Objagnienia: ab — nle badana
| o

-

Key: a—--steel
b--analysis made by
c--element content, %
d--mill
e-—Inst. of Nonferrous Metallurgy
f—-=remark: nb = not studied



Fig. 1. OH18N9 steel. Struc- Fig. 2. OH18N9 steel. Structure
ture after annealing for 3000 after annealing: 650°C, 100 hours.
hours at 500°C. Minute Mp3Cg Partially extracted My3Cg carbides
carbides on the boundary be- on boundary between grains. Elec-
tween grains. Electron micro- tron microscope. Semlextraction
scope. Carbide extraction rep- replica. Magnified 25000 x.

lica. Magnified 100000 x.

Fig. 3. OH18N9 steel. Elec- Fig. 4. OH18N9 steel. Structure

tron diffraction pattern of after annealing: 650°C, 100 hours.

single M 3C6 carblde. Direc- M23C6 carbides on boundary between

tion of %n01dent beam [343]. grains. Electron microscope. Car-
bon extraction replica. Magnified
25000 x.



Fig. 5. OH18N9 steel. Structure
after annealing: 650°C, 100 hours.
Large inclusions or primary pre-

cipitates surrounded by minute

precipitates are clearly visible.
Electron microscope. Carbon ex-
traction replica. Magnified 15500x.

Fig. 6. OH18N9 steel. Struc-
ture after annealing: 650°C,
100 hours. M, C, carbons on
boundary betweén grains and in
grains. Carbon extraction rep-
lica. Magnified 25000 x.

Fig. 7. OHL8N9 steel. Structure

after annealing: Mp3Cg carbides

on boundary between grains and 1in
grains. Strip-like growth of car-

bldes into one grain in spots.
Electron microscope. Carbon ex-
traction replica. Magnified
15500 =,

Fig. 8. OH18N9 steel. Struc-
ture after annealing: 650°C,
1000 hours. Mp3Cg carbides

on boundary between grains and
in grains. Strip-1like growth
of carbides into both grains.
Electron microscope. Carbide
extraction replica. Magnified
15500 %.
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Fig. 9. OH18N9 steel. Structure
after annealing: 650°C, 1000 hours.
Mp3Cg carbides growing out in
strips from inclusion or primary
precipitate in grain. Electron
microscope. Carbide extractilon
replica. Magnified 4000 x.

Fig. 11. OH18N9 steel. Structure
after annealing: 650°C, 100 hours.
M23C6 carbides in grains. Electron
microscope. Carbide extraction
replica. Magnified 25000 Xx.

Fig. 10. Enlarged fragment
of structure in Fig. 9. Mag-
nified 25000 X.

Fig. 12. OH18N9 steel. Struc-
ture after annealing: 750°C,

100 hours. Large Mp3Cq irreg-
ularly shaped carbides on bound-
ary between grains. Electron
microscope. Carbilde extrac-
tion replica. Magnified

25000 x.



Table 2. Phase Composition of The results of the z-ray
Precipitates in OH18Ng 3teel in

Relation to Temperature and An- phase analysis of segregations

nealing Time. (Table 2) show that very small
) ] o amounts of N'3 6 carbidenare
Mafdrial |~ Warunki wyzwzania D~ precipitated already at 500°C
wyjsciowyt | “of A
tan | pera- and an annealing time exceed-
sycony) tll:.'ll'a 10. 100 1000 ] o
c L . _ ing 100 hours. At 650°C and
- 2L U MaCo— | M23Ce —. @ i
500 | VC— shady bi%@ﬂ' b = 750°C only the M23C6 carblde
e VC - $lady | VC —Slady is precipitated.
vC—sitady,
650 {*,’éf 6;!&:3 M::Cs M23Cs
750 | MasCs M2sCe Ma23Ce The hardness of the steel

e —————— - - for all temperatures and an-
nealing times i1s HV = 130-160

Key: and its wvalue is highest at

a-—-original material (solution
heat treatment) 650°C

b--annealing conditions

c--temperature, °C

d--time, hours

e--traces

fe-very small amount

4.2. IHL18N10T Steel

2.1. Original structure (after soclution heat treatment)

Light microscope studies of unetched metallographlc specimens
showed the presence of oxides and sulfldes and also of two types
of precipitates designated as A and B. ZX-ray microanalyzer studles élﬂ
of the inclusions determined showed the presence of oxides. They
also showed that inclusions of type A (Figs. 15, 16) are TiC car-
bides containing Fe. These precipitation strips also include other
small precipitates containing Al. Precipitates of type B were not
identified in this grade of steel,

Light microscope studies of etched metallographic specimens
revealed a pure austenitic structure (without é-Fe) with numerocus
regularly shaped precipitates and a gray coloration characteristic
of M(C,N) precipitates which are riech in coal.



Fig. 13. OH18N9 steel.
after annealing: 750°C, 1000 hrs.

Groups of triangular Mp3Cg carbides

in grain. Electron microscope.
Carbide extraction replica. Mag-
nified 25000 x.

TH18N10T steel.
Magnified 500 x.

Fig. 15. Light

microscope.

Fig. 16 »
Distribution of elements in pre-
cipitates in Fig. 15: a--topo-
graphic electron pattern b—-
electron absorption pattern. c--
Al distribution. d--T1 distribu-
tion. e--Fe distribution. X-ray
microanalyzer. Magnified 1200 x

0.55 [sicl.
10

Structure
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Fig. 14. OH18N9 steel. Amount

of segregations vs. temperature
and annealing time.
Key: a--annealing time
b--amount of segregations,
weight %.
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Electron microscope studies revealed an ausftenitic structure
with weakly marked graln boundaries. Several large precipitafes
and many small precipitates with rounded shapes were detected in
the grains (Fig. 17). Additional studies of extraction replicas
taken from a metallographic specimen etched in an alcohol bromine
solution detected a large number of minute precipitates having the
same character. The application of electron diffraction led to
crystallization of precipitates 1in a regular face centered system
with a lattice constant corresponding to TiC..

According to the x-ray phase analysis, the segregations con-
tained 0.54 weight % TiC, TiN and a small amount of T;uszc. The
hardness of the steel was HV = 152.

4,2.2. Structure after annealing
The light microscope studies of specimens annealed at 500°C

did not reveal any changes in the structure in comparison with the
solution heat treated specimens. Annealing for 10 hours at 650°C
causes pronounced etching of the grain boundarles, which may indi-
cate the beginning of the precipitation process. Annealling at the
same temperature for 100 and 1000 hours reveals clearly precipltates
along the grain boundaries. However the boundaries themselves are
more weakly etched than in a specimen annealed for 10 hours.

Annealing at 750°C for 10, 100 and 1000 hours causes smaller
changes in the appearance of the structure in comparison with solu-
tion heat treatment than annealing at 650°C. The precipitates in
the grains are less visible and only some boundaries are outlined
cleafly.

Electron microscope studies of specimens annealed at 500°C do
not show the presence of the precipitation process. Chadns of min-
ute precipitates along some grain boundaries (Fig. 18) can be seen
in the steel and in the scolution heat treated specimen throughout
the entire annealing time. These precipitates were ldentified by
electron diffraction as TiC. '

11



Fig. 17. IH18N10T steel. Strue- Fig. 18. TH18N10T steel. Struc-

ture after solution heat treat- ture after annealing: 500°C, 100
ment. Small TiC precipitates. hours. Small TiC carbide preci-
Electron microscope. Carbide ex- pitates along boundaries between
traction replica. Magnified grains. Electron microscope.
25000 x. Carbide extraction replica. Mag-

nified 25000 x.

Annealing at 650°C causes the precipitation of large carbildes
throughout the entire annealing time, malnly along the grain bound-
aries. Fig. 19 shows the precipitations in a specimen annealed for
10 hours. The precipitates in specimens annealed for 100 and 1000
hours were identified as M2306'

Compared to specimens annealed at 500°C, greater changes were
not detected in specimens annealed at 750°C. Small carbides, mainly
distributed along some grain boundaries, are visible. A new element
in the structure are small needles in specimens annealed for 100
and 1000 hours. No electron diffraction patterns making identifi-
cation possible were obtained from them. According to W. Koch's
assumption [7] it is the o-phase (Fig. 20). Studies of the amount
of segregations (Fig. 21) do not show the presence of the precipi-
tation process at 500°C. Annealing at 650°C causes an increase
in the amount of segregations (compared to heat solution treatment)
from 0.54% to about 0.8% already in the first 10 annealing hours.
Prolongation of the annealing time to 1000 hours does not cause an

12



additional increase in the amount of segregations. Annealing at
750°C not exceeding 100 hours causes precipitation of carbides. After

more than 100 hours the amount of segregations increases, however
without attaining 0.8% after 1000 hours.

T ——1

Fig. 19. TIH18N1OT steel. Struc- Fig. 20. IH18N1OT steel. Struc-

ture after annealing: 650°C, 10 ture after annealing: 700°C, 100

hours. Mp3Cg carbide network on hours. Small carbides, partially

boundaries between grains. Elec- with rounded shapes. Occasional

tron microscope. Carbide extrac- small needles (according to W.

tion replica. Magnified L4000 x. Koeh [7], the o-phase). Carbide
extraction replica. Magnified
25000 X

According to the x-ray phase analysis (Table 3) no new phases
are precipitated at 500°C during the annealing. TiC, TiN and
TiuSQC2 were detected as in the solution heat treated specimen.

The presence of the M C6 carbide was detected in all specimens an-

23
nealed at 650°C. The M2306 carbide was detected 1in a specimen an-
nealed at 750°C for 10 hours. Traces of the o-phase appear side

by side with this carbide when the annealing time 1s longer.

The hardness of the steel for all annealing temperatures and
times is HV = 155-175 and it has the highest value at the 650°C an-

nealing temperature.

13



Table 3. Phase Composition of Pre-
gé . ¢tpitates in IH18N1OT Steel in Re-
- ’M__ggg lation to Temperature and Anneal-
: : . s ing Time.

- a -—————‘—'—-\\ .
E : : : 500°C
m ) V -
3 L 5’.‘ . r ’ ﬂ;m 3‘ 'i‘ﬁ;\teti;i Warunki wyzarzania b’ )
fxos wyinrzonia, b} & wyitciowy| G ° " d s h -
—_ : : (stan tcn:ﬂ-_ _ ‘ i
| pree | PR 10 100 1000
syeony) | o
Fig. 21. IHI8N1OT steel. | e Tic Tic
%ﬁgHﬁp of segregations vs. N TN Lt
temperature and annealing time. 500 “ﬁﬁkh- “ﬁﬁ?—- gﬁi?—-
Key: a--annealing time, hours s B I
b—-amount of segregations TiC TiC M323Cs M23C
ight ? TiN M23Cs TiC TiC
wele ’ TisS:Cr | gsp | TIN— TiN — TiN —
— mala b, malo b. mato b. mato
‘@ TiaS2C2 — | Tia82C2 -~ | TiaS202 —
' b. malo b. mato b. malo
4.3, TIHI1BN1O0T+B Steel e s Mt L S e 1
. TiC - TiC * . TiC '
4.3.1., Original structure M:Cs M2iCo— § MaxGe—
(after solutlon heat treatment) 75 | TN— £ TN — ﬁﬂ_fﬁ'
. . ) 39 1 b.mato | b.matofi] slady g’"
Light microscope studies of | TisS:Cs — | TidS:Ca — | TieSCx =
. %L $lndy m:{o e ﬂa;li)’ d}% s
etched | meftallographic speci=i - 2 o—flady o flady’
{ grap P | . )

méns showed the presentce of ox-
ides, sulfides ,and type A pre-—
cipitates. X-ray microanalyzér
studies of the inclusions de=

termined also conflrmed the pre-
sence of oxides as well as the
presence of calcium aluminosili=

cate and tetracalcium alumlno-

Key:

heat treatment)
b--annealing conditions

c--temperature
d-<time, hours

e-—-3mall amount
f—-very small amount
g—-—traces

ferrite relative to the potassium and iron.
were identified as TiC carbides alsocontaining lron and oxygen.

a--original steel (solution

Incluslons of type A

this particular steel these precipitates are accompanied by small

precipitates containing aluminum.

In additicn, precipitates con-

taining nitrogen, probably TiN, inclusions were detected in other

areas in the metallographic specime

14
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Light microscope studies of etched metallographic specimens
revealed a pure austenilitic structure (without &-Fe) with numerous
regularly shaped precipitates having a grey coloration, character-
istic of M(C,N) specimens rich in coal, and partially a golden
coloration, characteristic of M(C,N) precipitatesrich in nitrogen.

The electron microscope studies revealed an austenitic struc-
ture with weakly marked grain boundaries. Large precipitates with
éhapes characteristic of M(C,N) carbonitrites and minute rounded
TiC precipitates in smaller amounts than in THLEN1O0T steel were
detected in the grains.

According to the x-ray phase analysis, the segregations inciu-
ded 0.55 weight % TiC, TiN and TiHSECE' The hardness of the steel
was HV = 153.

4.3.2. Structure after annealing

Light microscope studies of specimens annealed at 500°C up to
1000 hours 4id not reveal changes in the structure 1in comparison
with the solution heat treated specimens., Annealing at 650°C for
10 hours causes pronounced etching of the graln boundaries, which
may indicate the beglnning of the precipitation process. Speciméns
annealed at this temperature for 100 and 1000 hours have clearly
visible precipltates along the grain boundaries. Specimens anneagl-
ed at 750°C have a structure which approaches that of specimens an-
nealed at 500°C. The results of the light microscope studies de-
seribed are very similar to the results obtained from the studies
of IH18N10T steel.

Electron microscope studies of* specimens annealed at 500°C
revealed many small rounded precipitates along some grain
boundaries.

15



Annealing at 650°C causes both the precipitation of large type
M23C6 carbides and small, predominantly elongated carbides along
the grain boundaries from which electron diffraction patterns could
not be obtained (Fig. 22). These are also probably M2306 carbides.
The number of precipitates in specimens annealed at 750°C 1is smaller
than in specimens annealed at 650°C, and they have predominantly /16
the character of precipitates observed in specimens annealed at
500°C (small and rounded). M23C6 carbides occur side by side with them,
and small needle-shaped precipitates which could not be identi-
fied by electron diffraction (Fig. 23) occur in specimens annealed
for more than 100 hours. It can be assumed that this is the ¢

phase.

Fig. 22. IH18N10T+B steel. Fig. 23. IH18N10T+B steel.
Structure after annealing: 650°C, Structure after annealing: T809C,
100 hours. Precipitation of car- 100 hours. Large carbide groups

bides on boundary between two on boundary between two grains.
grains. Electron microscope. Electron microscope. Carbide
Carbide extraction replica. Mag- extraction replica. Magnified
nified 25000 x. 25000 x.

Studies of the amount of segregations (Fig. 24) did not reveal
the precipitation process during annealing at 500°C. Annealing at
650°C increases the amount of segregations during the first 100

hours and a prolongation of the annealing time does not cause an

16



additional increase in the amount of segregations.

During anneal-

ing at 750°C, the precipitation occurs during the first 10 hours

and prolongation of the annealing time does not cause an additilonal

inerease in the amount of segregations.

At 750°C fewer segregations

oécur than at 650°C.

The results of the x-ray phase analysis (Table 4) show that

the precipitation process does not take place at 500°C.

TiN and
treated
carbide
of this

greater

Tluszc2
samples
appears
carbide

than in

Only TicC,
and therefore the same phases as 1n solution heat
The M23C6
in all specimens annealed at 650°C and the amounts

were detected in the specimens studied.

in specimens annealed for 100 and 1000 heours is

the specimen annealed for 10 hours. The ¢ phase

appeared in small amounts in a specimen annealed for 1000 hours at

7H0°C.

The hag

dness of the steel ﬁbrfamiftemperatures and anneal-

ing times lies in the range HV = 155-167.

Table 4. Phase Composition of .
Precipitates in TIH18N10T+B Steel
in Relation to Temperature and

w Annealing Time.
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-] . T ——— el a50°t .
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Fig. 24, TIH18N10T+B steel. | TiN 650 | TN TiN TN
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. ——— : 1 i M::Cs 1] MGy "M23Cq
Key: a--annealing time, hours s | TR TiN— T
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. !C}
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Key: a-—original steel (solution

heat treatment)
b—~-annealing conditions
c--temperature °C
d--time, hours

e--small amount 17



4.4, TIH1I8N1OMT Steel

4.4.1. Original structure (after solution heat treatment)

Light microscope studies of unetched specimens showed the pre-

sence of oxides, sulfides and two types of precipitates designated

as A and B (Fig. 25). The x-ray microanalyzer studies confirmed
the presence of oxides. Precipitates type A were identified as

TiC carbide (also containing iron) and precipitates type:B as

(Ti,Fe) (3,C) (Fig. 26).

Fig. 25. IH18N1OMT steel. Struc-

ture after solution heat treatment.

Frecipitates type B. Light micro-
scope. Magnified 500 x.

Light microscope studies of
etched specimens revealed an aus-
tenitic structure with 8-Fe oc-
curring mainly 1in the contaect
area of three austenite grains,
or on the boundary between two
austenite grains (Fig. 27). Gray
M(C,N) precipitates rich in coal,
and in smaller amounts, golden
precipitates rich in nitrogen,

were observed in the grains.

18

Fig. 26. Distribution of
elements in precipitates in
Fig. 25: a. Topographic
electron image, b. electron
absorption image, ¢. Fe distri-
bution, d. S distribution,

e. Ti distribution.zx-ray
microanalyzer. Magnified

1200 x 6.55 [siecd.



Fig. 27. IH18N1OMT steel.
Structure after solution heat
treatment. Austenite and
ferrite & M(C, N) precipitates.
Light microscope. Magnified
500 X.

Fig. 29. IH18N1OMT. Structure
after solution heat treatment.
Austenite with clearly visible
twin crystal. Electron micro-
scope. Thin folil. Magnified
25,000 %

Fig. 28. Structure after
solution heat treatment.
Austenite and ¢ ferrite.
Electron microscope carbide
matrix replica, Cr shaded.
Magnified 25,000 x.

IH18N1OMT steel.

Fig. 30.
Structure after solution heat

treatment. Electron micro-
scope. Thin foil. Magnified
25000 x:

18



Electron microscope studies conducted using carbide matrix
replicas detected & ferrite zones clearly separated from the aus- /18
tenite (Fig. 28). A thin foil was made from the specimen studied
in order to identify the ferritic zones by electron diffraction.

Fig. 29 shows a twin crystal in an austenite grain and Fig. 30 the
clearer zone between austenite grains which do not have the char-
acter of a twin crystal. On the basis of the electron diffraction
pattérn of this zone, the zone investigated was 1dentified as
ferrite. (Fig. 31).

According to the x-ray phase analysis the segregations con-
tained 0.6 weight 4 TiC, TiN, and Tinsgcg. The hardness of the steel
147,

was HV

Fig. 31. Electron diffraction Fig. 32. TH18N1OMT steel. Struc-
pattern of clearer zone in Fig. ture after annealing: 750°C, 1000
30. Ferrite. hours. o phase precipitates.

Light microscope. Magnified 500 x.

4,4,2, Structure after annealing
Light microscope studies have shown that the structure of a
specimen annealed at 500°C for 10 hours does not differ from the
structure of the solution heat treated sample. Precipitates were

not detected in specimens annealed at this temperature for 100 and
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1000 hours. In specimens annealed at 650°C the following can be
observed: thicker boundaries betwéen the ferrite and austenite,
and after 100 hours, precipitates in ferritic zones and on the
boundaries between austenite grains. Disintégration of & ferrite
and the formation of large o phase zones can be seen 1in specimens
annealed at 750°C. Precipitates in é-ferrite grains can be seen
in specimens annealed for 10 hours, whereas many large o-phase
zones can be seen in a specimen annealed for 1000 hours (Flg. 32).
A specimen annealed for 100 hours has an intermediate structure.

Studies of this steel using the electron microscope were com— /19

plicated by the reactlon products formed while the replicas were

taken off electrolytically from the metallographic specimen with

a two-phase (austenite and ferrite) matrix which settled on the
replicas. Precipitates were observed on replica zones wlth relas
tively few impurities. Small precipitates, ldentliflied as Ti€ were
observed, mainly along the grain boundaries, 1n specimens annealed

at 500°C. The precipltation process was not observed in a speci-

men annealed for 10 hours at 650°C, whereas numerous precipitates’
were defected in specimens annealed for 100 and 1000 hours, mainly

in ferritic zones.

Specimens annealed at 750°C include a very large amount of
precipitates with different shapes. Small rounded precipitates
of the type that occurs during the solution heat treatment, minute
precipitates with sharp corners and numerous o-phase precipltates
in the shape of needles can be seen (Fig. 33)¢ A thin foil was
made from a specimen annealed at 750°C for 1000 hours and it was
established that zones having the shape of the 6-Fe grains (from
the solution heat treated specimens) are the ¢ phase (Figs. 34, 35).
Studies of the amount of segregations (diagram in Fig. 36) do not
show the presence of the precipitation process during annealing:
at 500°C. At 650°C the precipitation occurs during the first 100
annealing hours; the amcunt of segregations does not increase witha

longer annealing time. Annealing at 750°C causes sudden precipita-
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tion.

The amount of segregations increases with the annealing time,

reaching 6.2% after 1000 hours (in the remaining steels studied it

is below 1%).

Fig. 33. IH18N1OMT steel. Struc-
ture after annealing: 750°C, 1000
hours. Minute precipitates, par-
tially with regular shapes and o-
phase needles. Electron micro=
scope.
Magnified 25000 x.

Fig. 35. Electron diffraetion
pattern of zone marked by arrow
in Fig. 34. o phase.

22

Carbide extraction replica.

Fig. 34. TIH18N1OMT steel.
Structure after annealing: 750°C
1000 hours. Austenite and zones
with shape corresponding to 8-
ferrite grains during solution
heat treatment. Electron mic-
roscope. Thin foil. Magnified
15500 x.

llosé izolaty, % cigzarowy
& 2

B e
y = = -SUET
¢ ] 00 0
(zas wyzarzania, b
Fig. 36. IH18N1OMT steel.
Amount of segregations vs. tem-

perature and annealing time.
Key: a--annealing time
b--amount of segregations,
welght %



Table 5. Phase Compeosition of

Precipitates in IH18N1OMT 8teel
in Relation to Temperature and

Annealing Time.

i Materiat b’ Warunki wyjarzania
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Key:

a--original steel (solution
heat treatment)

b-—-annealing conditions

c—-temperature

d--time, hours

e--very smsll amount

f--s8mall amount

g-—traces

The results of the x-ray
phase analysis (Table 5) show
that the precipitation process
does not occur at 5009C. The
same phases (TiC, TiN and Tiu
8202) ogccur in specimens an-
nealed at this temperature.
The ¢ phase was detected in
specimens annealed at 650°C
for 100 and 1000 hours. These
phases also oocur in all speci-
mens annealed at 750°C. Min-
ute M23C6 carbide amounts alsc
occcur at this temperature.

The hardness of the steel
Tor all temperatures and an-~
nealing times lies in the range
HV = 160-200.

Jb.5, TIHISNLOT"s" Steel
4.5.1. Original structure (after solution heat treatment)
The 1ight microscope studies of unetched metallographic speci-

mens showed the presence oféoxides, sulfides and three ftypes of
precipitates designated as A (Filg. 37), B (Fig. 39) and C (Fig. 41).
The xX~ray microanalyzer studies confirmed the presence of oxides.

Precipitates type A are TiC carbides with a specific iron con-

tent which are decompanied by small precipitates contalning alumi-

num (Fig. 38). Precipitates type B can be identified as (Ti,Fe)

(S,C) (Fig. Lo).
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by Precipitates type C were too
f S T f:*, ,5f"L small for x-ray microanalyzer stud-

\'« . Bl 2 géﬁd?%&, o
T4 38 O . g
z SE The eight microscope studies

S¥ ol vRH T e _
e 'q@" ‘ogna E?éy %‘, of etched metallographic specimens
% .-‘ﬁs 'fﬁ revealed an austenitic structure
A . S : .+ with &§-Fe strips and M(C,N) type

precipitates.

E : :
Fig. 37. TH18NIT"s" steel. lectron microscope studies
Structure after solution heat detected narrow elongated §-Fe zones
treatment. Precipitates type % 4 n -
L, TAght ulprossepe. Mapri- along the austenite grain boundaries,
fied 500 x. few precipitates on some ferrite-
austenite phase boundaries, and
occasional preclpitates in the ferrite and austenite. Fig. 42 shows
a chain of precipitates not connected with any boundary. The small
precipitates had the character of the TiC carbides identified in

the steels studied earlier.

According to the x-ray phase analysis, the segregations con-
tained 0.35 weight % TiC, TiN (a very small amount) and Tiuszce.
The hardness of the steel was HV = 145,

4.5.2. Structure after annealing
Light microscope studies have shown that the structure of

specimens annealed at 500°C for 10 and 100 hours does not differ
from the structure of a specimen subjected to solution heat treat- /21
ment. Susceptibility of the 6-ferrite strips to the effect of the
etching agent was observed in a specimen annealed for 1000 hours.
Annealing at 650°C and 750°C causes precipitation in the &§-ferrite
strips. However no precipitates occur along the boundaries between

the austenite grains.
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Fig. 38. Distribution of ele-
ments in precipitates from Fig.
37. a--topographic electron
image. b--electron absorption
image. c¢--Fe distribution.
d--Al1 distribution. e--Ti dis-
tribution. X-ray microanalyzer.
Magnified 600 x 0.55 [sic]

e et AR £

T

Fig. 39. 1IH18N10T"s" steel. Struc-
ture after solution heat treatment.
Precipitates type B. Light micro-
scope. Magnified 500 x.

Fig. 40. Distribution of elements
in precipitates from Fig. 39. (Key
same as Fig. 38)
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Fig. 41. TIH1BN1OT "s" steel.
Structure after solution heat

treatment. Precipitates type
C. Light microscope. Magni-
fied 500 x.

Fig. H2.
lutianrheat treatment.
precipitates not connected

with boundary between grains.

Structure after so-
Small

Carbide
Magni-

Electron microscope.
extraction replica.
fied 25000 x.

26

Electron mlcroscope studies
of specimens annealed at 500°C
have only shown the presence of few
small rounded precipitates along
The bound-
aries between the austenite and

the grain boundaries.

ferrite were practically free of
precipitates. The studles of spec-
imens annealed at 650°C revealed

relatively few precipitates in the
ferrite and few precipitates along
the boundaries between the austen-

ite grains.

Fig. 43. IH18N10T"s" steel. Struc-
ture after annealing: 750°C, 1000
hours. Small precipitates on bound-
ary between two rounded: and needle-
shaped grains. Electron microscope.
Carbide extraction replica. Magni-
fied 25000 x.



A smaller number of precipitates can be seen in specimens an-
nealed at 750°C than in specimens annealed at 650°C. In some spots
The precipitates occur along the grain boundaries in the form of
small rounded precipitates (which are already visible during the
solution heat treatment) and in the form of small needle-shaped o-
phase precipitates (Fig. 43). The latter occur in specimens an-
nealed for more than 100 hours. In ferritic grains the precipi-
tates occur relatively infrequently. Fig. 44 shows small precipi-
tates on the boundary between the austenite and ferrite having the
same shapes as those on the boundaries between the austenite grains.

Large rounded precipitates occur in very few spots.

Studies of the amount of segregations (Fig. U45) dild not reveal
the precipitation process during annealing at 500°C. At 650°C and
750°C, annealing for 10 hours increases only slightly the amount of
segregations.

® = B0
3 /
§a ~o-
T ,a':,'
2 o5 "f__g_ff'
fuf T — save
_";‘-' ﬂ31- :
S
atf : .
0 00 w00
4 3 ih E{g;‘nm@iu. h .
Fig. 44, TIH18BN1OT"s" steel. Fig. L5, TIH18N10T"s" steel.
Structure after annealing: 750°C, Amount of segregations vs.
1000 hours. Precipitates on temperature and annealing time.
boundary between austenite and a--annealing time. b--amount
ferrite. d&-phase needles are of segregations, weight %.

clearly visible. Electron mic-
roscope. Carbide extraction
replica. Magnified 25000 x.

27



The results of the x-ray phase analysis (Table 6) show that
the precipltation process does not occur at 500°C. Only TiC, TiN
anad TinSEC2 and therefore the samééphases a8 in the heat treated
specimens were detected in the specimens studied. The ¢ phase
(the amcunt of which increased with the annealing time) was de-
tected at 650°C and 750°C after 100 and 1000 annealing hours.

5. Discussion of Results _
Solution heat treated OH18N9 steel has an austenitic structure
with nonmétallic inclusions (sulfides and oxides) and vanadium car-
bide (VC) traces. Annealing at 500°C not exceeding 10 hours does
not cause precipitation of M23C6 carbides. After 100 and 1000
hours very small amounts of this carbide are precipitated (deter-
mined by x-ray analysis).

Sclutlon heat treated CH18N1OT steel has an austenitic strue- /22
ture with sulfide and oxide inclusions, TiC, TiN precipltates, and
in small amounts TiuSEC2 precipitates. Annealing at 500°C does not
cause precipitation of the phases. The M2306 carbide is precipita=
ted at 650°C. At 750°C,the My4Cg carblde is precipitated and af-"
ter a long annealing time,the ¢ phase in very small amounts. The
precipltation process at 750°C 1s less intense than at 100°C and

at lower ftemperatures.

Solution heat treated IH1810T+B steel has an austenitic struc-
ture with nonmetallic sulfide and oxide inc¢lusions, TiC, TiN and
TiMSECZ precipitates. Annealing at 500°C does not cause precipita-
tion of phases. The M23C6 carbide is precipitated at 650°C and
750°C. A small amount of the ¢ phase was also detected after an-
nealing for 1000 hours at 750°C. A4s in OH18N10T steel, here the

precipitation process is also less intense at 750°C than at 650°C.

Sclution heat treated IH18N1OMT steel has &htwo-phase (austen-
ite and & ferbite) matrix. Sulfide and oxide inclusions occeur in

28
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it as well as TiC, TiHSECE precipitates and a very small amount of
TiN. Annealing at 500°C does not cause precipitation of phases.
The o phase 1s precipitated at 650°C and 750°C. The precipitation
at 750°C is very intense. The M2506 carblde is zlso precipitated
during annealing at 750°C (in very small amounts compared to the
precipitation of the ¢ phase).

Table 6. Phase Composition of Solution heat treated IHI18N10-

Precipitates in IH18NloT"s™ T"s" steel has a two-phase (austen-
Eziglaig iii:gigggtgigzmpera— ite and & ferrite) matrilixz. It con-

tains oxide and sulfide inclusions

s e = emmee e and TiC, TiMSZCZ precipitates and

hiaterial | D Warunk] wyrarsania — ,

W%ﬁmw e “Temh a very small amount of TiN. The
,;t) pere- |7 100 1000 small precipitates shown in Fig. 41
sycony. o

c 1l could not be identified. However
w0 E§—}es ﬁg__‘e EE;\ R the assumption can be made that they
. mato~" . MAoT. . Malo
nmgho Tis82C2 TiS:C2 Torm ene of the identified phases,

e TiC e - | Te Annealing at 500°C does not cause
b. mato®’ TiN — & i
ﬁgii‘ €50 b .male:" ;N '35 precipitation of phases. The o
| SO ey | ey & || gpase ipitated at 650°C and

: TG — | TidSnly = phase 1s precipitated a 5 an
e 1 ™05 1| at 750°C after annealing exceeding
TiC TiC a v
TiN 3 TiC 10 hours,
750 Tj-jSzCz Tlgad—’-’ g’ T[:E:E)! —_
: : TisSC520
mato £ i Titanium occurs in all stabil-
ized steels in the TiC, TiN and %

Key: a--original steel (solu- T1MS2C2 precipitates which are pre-

tion heat treatment) sent both in sclution heat treated

b--annealing conditions
c-~temperature

d--time, hours lished that in addition to large
g--very small amount
f--small amount
g--traces ble under a light mlcroscope, small

and annealed steels., It was estab-
precipitates which are clearly visi-

TiC precipitates (detected under an electron microscope) exist.

These are usually distributed along certaln grain boundaries. Com-
paring the amount of segregations obtalned from domestic stabilized
and unstabilized steels after solution heat treatment, the assumption

!
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can be made that they make up 0.25-0.35 weight % of the steel. In
domestlc stabilized steels, titanium does not completely bind the

carbon, which leadss to the precipitation of the M carbide dur-

23%
ing the annealing of these steels.

Annealing of stabilized steels at 500°C does not cause precip-
itation of phases. In unstabllized steel annealed at the same tem-

perature for more than 1000 hours, the M 06 carbide is precipita-

23
ted in a very small amount.

A significant effect of boron on the precipitation process was
not detected. The phases are not precipitated at 500°C both in
TH18N10T and IH18N10T+B steel. The M23C6 carbide is precipitated
at 650°C during the first 10 annealing hours. At 750°C, in addi-
tion to the M23C6 carbide, the ¢ phase is precipitated. In
TH18N10T steel the precipitation was detected after 100 hours
whereas in THI17N10T+B steel 1t was detected only affer 1000 hours.
The assumption can be made that this is due to the effect of the
boron content delaying the precipitation.

The molybdenum content in IH18N1OMT steel caused a two-~phase
structure after solution heat treatment. Several percent of §
ferrite occurred ahdng with the austenite, which had a fundamental
effect on the precipiftation process, causing a sudden precipitation
of the o phase. The amount of o phase precipitated after annealing
for more than 1000 hours at 750°C is 6 weight % of the steel. Spec-
tral x-ray analysis of the segregations, containing almost exclu-
sively the ¢ phase has shown that it contains 7-8% molybdenum. How-
ever 1t does not reduce the molybdenum content in the steel matrix
by an amount which could lead to corrosion of the steel in sulphur-

ic acid.
Comparing the Swedish IHI18N10T"s" and the domestic IHI1BN1OT

steel, the different properties of the precipitation process should

[}
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be noted. Annealing of domestic steel at 650°C causes the precipi-
tation of the M2366 carbide during the first 10 annealing hours,

after which its amount does not increase for all practical purposes.
On the other hand, in the Swedish stéelithé o phase 1s precipitated :
and its amount increases with the annealing time. In domestic st

steel, mainly the M C6 tarpide is precipitated at 750°C. 1Its

amount dficreases ineghe interval 100-1000 hours and the o phase
increases by a small amount. Only the o phase is precipitated in
the Swedish steel. Its amount increases in the interval 100-1000
hours. The reason for the precipitation of the M23C6 carblde in
the domestic steel may be fthe smaller ratio of the amount of titan-
ium to the amount of carbon than in the Swedish steel, which 1s in-
sufficlent te bind the entire carbon. In the Swedish steel, the
tendency toward the precipitation of the ¢ phase may also be 8ue to

a certain amount of the § ferrite in the original structure.

6. Coneclusions

The following conclusions can be made tn the basis of the
studies made: _ ‘

1. In the majority of steels studied titanium does not bind
completely the carbon contained in them. In addifion to the ti-
tanium content which is four times higher than the carbon content,
M2306 carbides are also precipitated during the annealing.

2, Boron does not have a pronounced effect on the precipita-
tion process. Only a delay in the precipitation of the o phase was
detected in steel to which boron was added.

3. Molybdenum has a significant effect on the structure after
solution heat treatment (§ ferrite occurs in addition to austenite)
and on the precipitation process during annesling, causing the pre-
cipitation of large amounts of the ¢ phase, particularly during
annealing at 750°C.

4, The different properties of the precipltation process in
the domestic and Swedish IH18N10T steel may be caused by the high-
‘er Ti/C ratio in the Swedish steel and the presence of a certain
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amount of § ferrite in this steel after the heat solution treatment.

5.

In steels containing titanium, the ’I‘iuSgC2 phase occurs

in addition to the oxide and sulfide inclusions.

32
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